induced by imposition of a transmembrane H& > HzUt gradient and the uphill H' efflux induced by imposition of a NdUt > Na; gradient.
The inhibitory effect of amiloride on Na+ influx was rapidly reversible and fully competitive (Ki 3.0 x 10S5 M amiloride, KT 6.3 mM Na').
In addition, amiloride inhibited the efflux of Na' from vesicles preloaded with Na+. However, the diuretic did not inhibit such other Na'-coupled transport processes as Na'-glucose and Na'-alanine cotransport.
These findings suggest that amiloride is a reversible, selective, competitive inhibitor for the Na' site of the renal microvillus membrane Na'-H' exchanger. Amiloride may, therefore, be useful as an experimental tool for investigating the role of Na'-H' exchange in mediating proximal tubular acidification. renal cortex; proximal tubule; bicarbonate transport; acidification; transport inhibitors TRANSPORTINHIBITORS WITH DEFINED specificitieshave served as extremely useful experimental tools for investigating mechanisms of solute transport across biological membranes. The diuretic drug amiloride is considered to be a specific inhibitor of passive Na' entry through channels in the apical cell membranes of tight epithelia such as the frog skin (9) , toad bladder (6), rabbit renal collecting tubule (17) ) and rabbit colon (10) . However, in such nonepithelial tissues as sea urchin eggs (11) and mouse soleus muscle (l), amiloride inhibits a different type of Na' transport pathway, namely Na+-H' exchange. The apical cell membranes of two leaky epithelia, the mammalian proximal tubule and small intestine, possess Na'-H' exchangers (12, 16) , and we recently reported that amiloride inhibits Na' uptake via Na+-H' exchange in rabbit renal microvilhrs membrane vesicles (12) The purpose of the present study was to characterize more completely the amiloride inhibition of Na'-H' exchange in rabbit renal microvillus membrane vesicles. Our findings suggest that the drug rapidly, reversibly, and competitively inhibits the Na' site of the Na'-H' exchanger but has no direct effect on other Na'-coupled transport processes such as Na'-glucose cotransport and Na'alanine cotransport. PHIacetate uptake by flow dialysis. The uptake of acetic acid via nonionic diffusion was used as an index of intravesicular pH and was monitored at ambient temperature (20-23°C) with the technique of flow dialysis, as described previously (12) . For these studies, the membrane vesicles were isolated in 300 mM mannitol, 10 mM MgS04, and 1 mM Tris-1.6 mM HEPES, pH 7.5, and then suspended in the same medium but without MgS04. To the upper chamber of the flow-dialysis apparatus, 0. 
RESULTS
We first examined the effect of amiloride on the uphill Na+ accumulation induced by imposition of a HL > HzUt gradient.
In the experiment illustrated in Fig. 1 , the membrane vesicles were loaded with H+ by preequilibration at pH 6.0, and then the uptake of 1 mM Na' was assayed at pH 7.5. The imposition of this outwardly directed H+ gradient induced a transient uphill accumulation ("overshoot") of Na' to a level threefold higher than the eventual equilibrium value at 90 min. Amiloride (5 x low4 M) inhibited the initial rate of Na' uptake by more than 90% and prevented the "overshoot."
The same equilibrium value of Na' uptake, however, was observed at 90 min in the presence and absence of amiloride, indicating that the drug did not disrupt the membrane vesicles.
The effect of amiloride on the uphill H+ efflux induced by imposition of a NcUt > Na& gradient was studied using flow dialysis, shown in is then detected as a fall in the acetate concentration of the collected dialysate. That the flow-dialysis technique can detect H& < H&t gradients is indicated in Fig. 2A by the abrupt fall in dialysate acetate counts per minute resulting from acidifying the extravesicular medium to pH 5.4 with monobasic potassium phosphate buffer. As illustrated in Fig. 2B , amiloride (2 X 10V3 M) had no effect on the response of the dialysate acetate concentration to this acidification of the extravesicular medium, indicating that amiloride neither disrupts the membrane vesicles nor acts as a H+ ionophore to shunt the pH gradient. Figure 2C shows that addition of NaCl (38 mM) to the membrane vesicle suspension induced a sharp decline in the dialysate acetate concentration, reflecting the generation of a Hif, < H& gradient by the process of Na'-H' exchange. However, as shown in Fig. 2D , amiloride (2 x 10m3 M) almost completely abolished the Na'-induced fall in dialysate acetate concentration, indicating that the diuretic inhibited uphill H+ efflux occurring via Na+-H' exchange.
The effect of varying concentrations of amiloride on 1 mM Na+ uptake in the absence of an initial pH gradient is shown in Fig. 3 . We have previously demonstrated that the primary pathway for Na' uptake under these conditions is via electroneutral Na+-H+ exchange (12) . No inhibition of Na+ flux was detected at 10B6 M amiloride, a concentration that significantly inhibits Na' transport in tight epithelia (8, 9, 14) . As the amiloride concentration was increased, there was progressive inhibition of the rate of Na' uptake. The maximal inhibition observed was 92%, probably reflecting the fact that amilorideinsensitive Na' transport pathways contribute 8% of the Na' flux measured under control conditions. When the Fig. 3 3 . Effect of amiloride concentration on rate of Na' uptake. Membrane vesicles were washed and suspended in 300 mM mannitol, 10 mM Tris, 16 mM HEPES, pH 7.5 and then the 5-s uptake of 1 mM "Na was assayed in the presence of varying amiloride concentrations. Data presented are means t, SE expressed as percentages of control for 3 separate experiments. Inset shows a replot of l/Na' uptake vs. amiloride concentration after subtraction of amiloride-insensitive component of Na' uptake (8% of control rate) from Na' uptake values. J. L. KINSELLA AND P. S. ARONSON preincubated for varying time periods (0, 10, 20, and 30 s) with that same concentration of the inhibitor. The effect of amiloride was found to be independent of the interval of exposure, suggesting that the binding of amiloride to its inhibitory site must be extremely rapid. The reversibility of amiloride inhibition was evaluated in the experiment given in Table 1 . The 5-s uptake of 1 mM Na+ was measured using membranes that had been preincubated for 15 s in the presence of 0, 2.5 x lo-", or 2.5 x 10m4 M amiloride.
At the initiation of the 5-s incubation period, the concentration of the drug was brought to either 2.5 X lo-" or 2.5 X 10m4 M, as indicated. The inhibition induced by 2.5 x 10S4 M drug was greater than that by 2.5 x 10S5 M (85 vs. 52%), indicating that the binding of amiloride to its inhibitory site must be greater at a drug concentration of 2.5 x 10m4 than at 2.5 x lo-" M. Nevertheless, the inhibition of Na' transport by 2.5 x 10B4 M amiloride was unaffected by whether the membrane had been preincubated with 2.5 x 10B5 or 2.5 x 10e4 M drug. This result suggests that the binding of amiloride to its inhibitory site must be at least partially and rapidly reversible.
Whether amiloride inhibition is completely reversible within 5 s was not evaluated.
To evaluate the mechanism by which amiloride inhibits Na' transport, we determined the initial rate (5 s) of Na' uptake at varying Na' concentrations in the presence of 0, 1.5 x lo-", and 3.0 X lo-" M amiloride. The reciprocal plot of Na+ uptake rate vs. Na+ concentration, shown in Fig. 5 , represents the pooled data from three separate experiments performed on different membrane preparations.
Amiloride increased the slope of the regression line with no effect on the y-intercept, suggesting a competitive interaction (Ki = 3.0 t 0.6 X lo-:' M amiloride) with the Na' transport site (KT = 6.3 t 0.5 mM Na+, Vmax = 113 t 9 nmolmmg protein-'emin-'). A similar conclusion was evident from analysis of the regression lines within each of the three individual experiments. As indicated in the right panel of Fig. 5 , the mean slope of the lines was a linear function of the amiloride concentration, whereas the mean of the y-intercepts was unaffected by the drug.
The effect of extravesicular amiloride on Na' efflux was examined in the experiment described in Table 2 . The membrane vesicles were preloaded with 1 mM ""Na for 60 s at 2O"C, diluted 1:20 into a medium free of "Na in the presence or absence of 3 x lo-" M amiloride, and then reincubated for 5 s at 20°C. Whereas only 65% of the initially retained 22Na still remained 5 s after dilution in the absence of the drug, 92% remained after dilution and reincubation in amiloride. Thus, external amiloride trans inhibited the initial rate of Na+ efflux. Membranes were incubated with 1 mM "Na for 60 s and then diluted and reincubated in 22Na-free media for 5 s. Each datum represents the mean t, SE for three experiments.
In the final series of experiments, we examined whether amiloride would inhibit other Na'-coupled transport processes, such as Na+-dependent glucose uptake and Na+-dependent alanine uptake. To maximize our ability to detect possible competitive interactions of amiloride with the Na' sites of these transport systems, studies were performed using a high drug concentration (5 x 10s4 M) and a low Na' concentration (10 mM). This concentration of amiloride was sufficient to inhibit by 65% the initial rate (5 s) of 10 mM Na+ uptake measured in the absence of glucose or alanine, as shown in Fig. 6 . The effect of amiloride on glucose transport is iIlustrated in Fig. 7 . With Na' present externally only (Na' gradient), amiloride had no effect on the 5-s uptake of 3.5 PM glucose. However, the diuretic modestly stimulated sugar uptake measured at 30 and 60 s, probably reflecting amiloride inhibition of Na' entry occurring via Na'-H' exchange. Preloading the vesicles with Na+ (Na,' = Na:) allows evaluation of the effect of amiloride on Na+-dependent glucose transport independent of drug effects on the rate of dissipation of the Na' gradient. Under these conditions, amiloride did not alter glucose uptake measured at any time point, thereby indicating that the drug does not directly interact with the Na'-dependent glucose transporter. Amiloride also did not alter the rate of sugar uptake measured in the complete absence of Na' (no Na').
Similar experiments were performed to evaluate the effect of amiloride on alanine transport. As shown in Fig.  8, amiloride did not affect the rate of 10 PM alanine uptake either in the presence of an initial Na' gradient or in the complete absence of Na'. In an experiment not illustrated, amiloride was found not to alter the rate of Na+-dependent alanine uptake into membrane vesicles preloaded with 10 mM Na'. 
DISCUSSION
Amiloride is an effective inhibitor of Na'-H' exchange in renal microvillus membrane vesicles as evidenced by the finding that the drug inhibits both the uphill Na' accumulation induced by imposition of a transmembrane HL > Hzut gradient and the uphill H+ efflux induced by imposition of a NaZut > Na; gradient. Neither of these effects are secondary to the drug's disrupting the membrane vesicles or acting as a H+ ionophore. The inhibitory effect of amiloride is rapid in onset and quickly reversible, suggesting that the drug rapidly equilibrates with its binding site. Amiloride is a fully competitive inhibitor of Na' influx, indicating that the binding of Na' and amiloride to the external surface of the Na'-H+ exchanger is mutually exclusive. The trans inhibitory effect of amiloride on Na' efflux suggests that the binding of amiloride freezes the exchanger in a conformation that cannot mediate transport.
These effects of amiloride are selective for the Na+-H' exchanger, as the drug does not inhibit such other Na'-coupled transport processes in renal microvillus membranes as Na+-glucose and Na'-alanine cotransport.
It is of interest to compare these properties of amiloride with those of harmaline, the only other Na+-H+-exchange inhibitor reported to date (2, 4) . Like amiloride, harmaline competitively inhibits Na' influx and trans inhibits Na+ efflux (4 (5) . Accordingly, amiloride may be most useful as a selective inhibitor of Na+-H' exchange when it is employed in the presence of lower than normal Na' concentrations.
Because of the competitive interaction between Na' and amiloride, the drug will be more potent as an inhibitor of Na'-H' exchange at these lower than at normal Na' concentrations.
The drug may be particularly valuable for assessing the role of Na+-H' exchange in mediating the proximal tubular acidification that per- sists at low intratubular [Na'] (15, 18) . Of interest in this regard is the recent finding that low4 M amiloride inhibits by 70% the rate of bicarbonate absorption in the rat proximal tubule microperfused with 5 mM Na' (7) .
A variety of physiologic roles for Na+-H' exchangers in biological membranes have been proposed, including the initiation of development after fertilization in sea urchin eggs (11) and the regulation of intracellular pH in mouse soleus muscle (1) . The Ki of 3 X 10v5 M for amiloride inhibition of the renal microvillus membrane Na'-H+ exchanger is consistent with the relatively high concentrations of the drug (10B4 M) required to abolish Na'-H' exchange in sea urchin eggs and mouse soleus muscle, although it is considerably higher than the apparent Ki (10B8 to 10v7 M) for inhibition of Na' channels in tight epithelia (8) . Amiloride may be a general inhibitor of Na'-H' exchange in biological membranes and may, therefore, prove to be as useful for studying this type of Na' transport pathway as it has been useful for studying the passive Na+ entry channels of tight epithe-. ha .
